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In this study we investigated the prevalence and location of Listeria monocytogenes and hygiene indicator bacteria
on beef and pig carcasses. Carcasses were sampled after slaughter and before cooling at eight and nine sites on
the carcass, respectively. For each sample, detection and enumeration of Listeria was performed, as well as the
enumeration of Total Aerobic Counts (TAC) and Enterobacteriaceae. The L. monocytogenes isolates were also typed
to determine pulsotypes and clonal complexes (CC). L. monocytogenes was detected on 46% [95% CI: 35–56%] of
beef and 22% [95% CI: 11–32%] of pig carcasses. Contamination levels at the different carcass sites differed
considerably between beef and pigs. Genetic typing of strains suggests that carcass contamination originates
from both incoming animals with transmission during slaughter practices as well as persistent (CC9) con-
tamination from the slaughterhouse environment. These findings can be used to understand the complexity of
introduction and persistence of this pathogen in slaughter facilities. Accurate correlation of L. monocytogenes
presence proved unfeasible with any of the tested hygiene indicator bacteria.
1. Introduction
L. monocytogenes is a well-known food-borne pathogen. Although
human infections due to L. monocytogenes have a low incidence, they
are associated with high hospitalisation and mortality rates(EFSA and
ECDC, 2019). The most vulnerable human populations are immuno-
compromised groups such as pregnant women and patients suffering
from specific types of cancer (Goulet et al., 2012). Transmission to
humans occurs primarily via consumption of contaminated food,
mainly ready-to-eat (RTE) foods including meat and meat products.
Over the 2016–2018 period, EFSA and ECDC reported an overall L.
monocytogenes prevalence of 1.4% in RTE meat and meat products sold
in 25 EU Member States (MS) and 3 non-MS providing data (EFSA and
ECDC, 2019). Almost 30% of the foodborne outbreaks caused by L.
monocytogenes in the period from 2008 to 2015 could be attributed to
the consumption of RTE meat, particularly beef and pork (Ricci et al.,
2018).
Contamination of the meat can occur at different stages within the
food production chain. Slaughter facilities transform warm-blooded
animals into chilled carcasses. During slaughter, bacteria may be
transferred to meat. The introduction of the pathogen L. monocytogenes
into beef (Wieczorek, Dmowska, & Osek, 2012) and pig slaughter
facilities (Hellström et al., 2010) may result in contamination of the
carcasses. This can lead to logistical challenges as the meat-processing
industries are confronted with legal requirements regarding the allowed
levels of L. monocytogenes (Commision Regulation (EC) No. 2073/2005,
2019).
It is known that animals are an important cause of carcass con-
tamination; the hide and intestines are the most important sources for
microbial contamination (Bell, 1997). The distribution and sources of
microbial contamination on carcasses may differ depending on the
slaughter process. For beef, small ruminants and horses, the slaughter
procedure typically includes skinning. During beef slaughter the de-
hiding process has been identified as a major microbial contamination
source (Arthur et al., 2010; Bell, 1997; Dickson & Anderson, 1992) due
to the direct and indirect contacts between the hide and the sterile
muscle and fat tissues. Contamination of beef carcasses from the viscera
is less likely to occur during normal processing conditions in case of
correct performance of anus bunging and evisceration (McEvoy et al.,
2000). For pigs, several processing steps can lead to microbial con-
tamination, with evisceration reported as one of the most important
(Berends, Van Knapen, Snijders, & Mossel, 1997). The initial opening of
the carcass and the removal of highly contaminated organs, such as the
intestines, pluck set (Biasino et al., 2018) and tonsils (Van Damme,
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Mattheus, Bertrand, & De Zutter, 2018) all increase the risk of microbial
spread to carcass surfaces.
Even in case of optimal slaughter procedures, prevention of micro-
bial contamination of carcass surfaces remains difficult. Knowledge
regarding the occurrence and location of L. monocytogenes on carcasses
at the end of the slaughter line may serve as the basis to study specific
contamination sources and routes within slaughter facilities. Fosse,
Seegers, and Magras (2009) already mentioned the need to characterize
L. monocytogenes contamination of carcasses at slaughterhouse level but
to the best of our knowledge, little research has been conducted about
the specific location of L. monocytogenes on beef and pig carcasses.
Molecular typing could be used to gain insight into the diversity or the
persistence of this pathogen.
This study has three aims: to investigate (1) the occurrence and
distribution of L. monocytogenes on beef cattle and pig carcasses to
determine the most contaminated carcass regions, (2) the diversity of
the L. monocytogenes isolates using genetic characterization to identify
possible contamination sources, and (3) the possibility of using an in-
dicator organism as marker for L. monocytogenes contamination.
2. Materials and methods
2.1. Slaughter processes
The study was conducted in three beef cattle and three pig
slaughterhouses located in Flanders (the northern part of Belgium).
Beef were slaughtered at a line speed of 20–35 animals h−1. After
stunning and bleeding, the hide was removed from the carcasses in all
three slaughterhouses in a similar way. Each carcass was pre-skinned
manually at hind legs, flank, brisket and forelegs (Fig. 1A), followed by
complete removal by a hide puller. After hide removal, evisceration and
carcass splitting were performed. Time from killing to start of cooling
was approximately 45min.
Pigs were slaughtered at a line speed of 400 up to 600 animals h−1.
Pigs were scalded immediately after bleeding, followed by automated
dehairing, singeing and polishing. The subsequent process steps are
similar to beef slaughter, with intestines and pluck set removal and
carcass splitting.
2.2. Sampling procedures
All sampling events took place between February and August 2017.
All beef slaughterhouses were visited three times with a time interval of
1–3 weeks. All pig slaughterhouses were visited twice with a time in-
terval of 2–7weeks. Per visit, 10 randomly selected carcass halves were
sampled just prior to entry into the chilling room, with the exception of
pig slaughterhouse D, where sampling took place before the tonsils
were removed for logistical reasons. Left and right carcass halves were
sampled in turn with a total of 90 beef carcasses and 60 pig carcasses
sampled. Animals originated from 44 different beef farms and 19 pig
farms.
From each beef carcass the following eight sites (approximately
400 cm2 area per site; 20× 20 cm or 10× 40 cm) were sampled: hind
leg (medial side), pelvic duct, split surface neck, inside foreleg, inside
throat region, flank (medial side), brisket and shoulder region (Fig. 1A).
Pig carcasses were sampled at nine carcass sites (approximately
100 cm2 area; 10×10 cm or 5×20 cm, each): hind leg (medial side),
pelvic duct, split surface pelvis, elbow, inside throat region, distal part
of foreleg, flank (medial side), brisket and shoulder region (Fig. 1b).
Sampling was performed using sponge-sticks (3M™, St. Paul, MN, USA)
pre-moistened with 20ml of sterile Maximum Recovery Diluent (MRD;
Oxoid CM0733, Basingstoke, UK). Prior to swabbing, the absorbed li-
quid was squeezed from each sponge within the bag to prevent loss of
fluid during swabbing. After swabbing, the sponge was placed back in
the sampling bag. Swab samples were transported under cooled con-
ditions to the laboratory where they were kept at 3 ± 2 °C and ana-
lyzed the following day.
2.3. Microbiological analyses
Each swab sample was homogenized for 2min using a Stomacher
Lab Blender 400 (Seward Laboratory, London, United Kingdom). Total
Aerobic Count (TAC), Enterobacteriaceae, Listeria spp. and Listeria
monocytogenes were enumerated using the spread plate technique and/
or using the Eddy Jet 2 spiral plater (IUL Neutec Group, Inc., Barcelona,
Spain). This resulted in an enumeration limit of −0.30 log CFU/cm2
(TAC) and− 1.30 log CFU/cm2 (Enterobacteriaceae and Listeria spp.) for
beef samples and 0.30 log CFU/cm2 (TAC) and− 0.70 log CFU/cm2
(Enterobacteriaceae and Listeria spp.) for pig samples.
For TAC enumeration, a dilution of each homogenate was spiral
plated (100 μl) on plate count agar plates (PCA; Oxoid CM0325,
Basingstoke, UK). Plates were incubated at 30 °C for three days and all
colonies present were enumerated.
For Enterobacteriaceae, 1 ml of each homogenate was plated on
Violet Red Bile Glucose Agar (VRBG, Bio-Rad Laboratories 356–4584,
Marnes-La-Coquette, France) using the pour plate technique. For ob-
taining further dilution, 100 μl was spiral plated onto the same selective
agar plates. Plates were incubated at 37 °C for 24 h and typical colonies
were enumerated.
Enumerations of Listeria spp. and L. monocytogenes were obtained by
spread plating 1ml of each homogenate directly onto two Agar Listeria
according to Ottaviani and Agosti (ALOA; Bio-Rad Laboratories
356–4043/356–4041/356–4042, Marnes-La-Coquette, France) plates.
Further dilutions were spiral plated. Plates were incubated at 37 °C for
Fig. 1. (a) Sampled sites on beef carcasses. A. Medial
sites: hind leg (1), pelvic duct (2), split surface neck
(3), inside foreleg (4) and inside throat region (5). B.
Lateral sites: flank (6), brisket (7) and shoulder re-
gion (8).
(1b) Sampled sites on pork carcasses. A. Medial sites:
hind leg (1), pelvic duct (2), split surface pelvis (3),
elbow (4), inside throat region (5) and distal part
foreleg (9). B. Lateral sites: flank (6), brisket (7) and
shoulder region (8).
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48 h before enumeration. Suspect colonies were counted.
The detection of Listeria spp. and L. monocytogenes were based on
ISO11290-1:1996. The remaining volume of the homogenate (approx.
16ml) was enriched after adding the same volume of double con-
centrated half-Fraser broth. After incubating at 30 °C for 24 h, 0.1 ml
was transferred into 10ml Fraser broth tubes (Bio-Rad Laboratories
356–4604/356–4616, Marnes-La-Coquette, France) and incubated at
37 °C for 48 h. Isolation was done by streaking a loopful (10 μl) of the
incubated Fraser broth on ALOA plates. Plates were incubated at 37 °C
for 24 h. From each plate, one suspect L. monocytogenes colony was
picked and further purified on ALOA plates. Purified colonies were then
streaked on Tryptone Soya Yeast Extract Agar (TSYEA) plates (TSA;
Oxoid CM0131, Basingstoke, UK / YE [0.6%]; Oxoid LP0021,
Basingstoke, UK) and incubated for 24 h at 37 °C. All strains were kept
in 15% glycerol stocks at −80 °C for further testing.
2.4. Molecular analysis
Suspect L. monocytogenes isolates were confirmed by multiplex PCR
as described previously (Herman, De Ridder, & Vlaemynck, 1995).
Confirmed L. monocytogenes isolates were serotyped by multi-step PCR
assays, according to Borucki and Call (2003). This method identifies the
following serotype groups: IIa (serovars 1/2a and 3a), IIc (serovars 1/2c
and 3c), IIb (serovars 1/2b, 3b, and 7), and IVb (serovars 4b, 4d, and
4e). Genotyping of L. monocytogenes isolates was achieved using Pulsed-
Field Gel Electrophoresis (PFGE) according to the Pulsenet standardized
protocol (Graves & Swaminathan, 2001). Restriction was achieved
using restriction enzymes AscI and ApaI (New England BioLabs, Ips-
wich, MA, USA). Both AscI and ApaI macrorestriction patterns were
analyzed using BioNumerics version 7.6 software package (Applied
Maths, Sint-Martens-Latem, Belgium). The similarities between the
fingerprints were calculated using the band-based Dice coefficient with
an optimization and position tolerance of 1%. Clustering of fingerprints
was performed using the Unweighted Pair Group Method with Average
Linkages (UPGMA). PFGE clusters were defined when PFGE fingerprints
of a group of isolates showed a similarity of more than 85%. In addi-
tion, all profiles were visually checked and if necessary possibly at-
tributed to a new or other existing cluster. The clusters were then sorted
according to their size and each cluster was assigned a letter starting
with the letter “A” for the cluster containing the highest number of
profiles.
2.5. Matching PFGE profiles with MLST clusters
The PFGE profiles were linked to clonal complexes (CCs) or se-
quence types (STs) according to the mapping protocol described by
Félix et al. (2018). The typing data, both PFGE and MLST, from 396
isolates used in the Félix et al. (2018) study were kindly provided by the
authors to deduce the CCs for the PFGE profiles within our own dataset
using BioNumerics. A PFGE cluster was assigned to the same CC or ST if
the profiles matched at least 85% with profiles of strains previously
typed by MLST (Félix et al., 2018).
2.6. Statistical analysis
Variations in the presence or absence of Listeria were tested by ap-
plying logistic regression analyses, including ‘slaughterhouse’ and
‘carcass sites’ as main effects and interaction terms. The relationship
between L. monocytogenes prevalence and hygiene indicators data (TAC,
Enterobacteriaceae and Listeria spp.) was assessed with logistic regres-
sion models. The distributions of TAC and Enterobacteriaceae were ex-
plored using box plots. For TAC, linear models were used. Tukey cor-
rections were applied for multiple pairwise comparisons. Tobit
regressions were carried out for Enterobacteriaceae counts (censured
data under the detection limit). All analyses were performed with
RStudio Version 1.2.5001 (R Core Team, R Foundation for Statistical
Computing, Vienna, Austria).
Fig. 2. Genetic diversity of 69 beef L. monocytogenes isolates based on serotype, PFGE profiles and the associated CCs. A. Number of L. monocytogenes isolates given
per carcass site. Dot sizes are proportional to the number of L. monocytogenes isolates. B. Number of L.monocytogenes strains given per slaughterhouse and carcass site.
Dots are colored according to the PFGE cluster and dot sizes are proportional to the number of isolates within the cluster. C. Number of L.monocytogenes isolates given
per serotype, PFGE cluster and assigned clonal complex.
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3. Results
3.1. Listeria monocytogenes
3.1.1. Beef
Overall, 45.6% [(41/90); 95% CI: 35.3–55.8%] of the carcasses
were found to be positive for L. monocytogenes at minimum one of the
eight sites. The carcass prevalence in each slaughterhouse was 73.3%
(22/30) in slaughterhouse A, 40.0% (12/30) in slaughterhouse B and
23.3% (7/30) in slaughterhouse C. Among the sites, the inside hind leg
and the brisket represented the highest frequencies (13.3% (12/90) and
11.1% (10/90) respectively) for L. monocytogenes contamination, fol-
lowed by the foreleg, flank, pelvic duct and inside throat region, each
with an occurrence of 10.0% (9/90) (Fig. 2A). The shoulder showed the
lowest contamination frequency (4.4%; 4/90). The contamination rate
between the different sampling sites was not significantly different
(P > .05).
In total 69 (/720) samples tested were positive for L. monocytogenes.
The number of contaminated samples differed among slaughterhouses
(Fig. 2B). Most L. monocytogenes samples (43/69; 62.3%), were found in
slaughterhouse A. In this slaughterhouse, all carcass sites were con-
taminated, ranging from two occurrences (6.7%) at the shoulder region
to nine (30.0%) at the inside throat region. Of the 43 L. monocytogenes
harboring samples collected in this slaughterhouse, three had exceeded
the lower limit of L. monocytogenes enumeration (>−1.3 log10 CFU/
cm2). Two were observed at the brisket (20 and 60 CFU/400 cm2) and
one at the shoulder (20 CFU/400 cm2), each on a different carcass but
on the same sampling day. In slaughterhouse B, L. monocytogenes was
more often present at both the flank and the brisket (16.7%) compared
to the other sites (0.0% or 6.7%). In only one of the 30 sampled car-
casses, L. monocytogenes could be quantified at the pelvic duct (80 CFU/
400 cm2) and the shoulder (60 CFU/400 cm2). The least L. mono-
cytogenes contaminated carcasses and sites were found in slaughter-
house C, where the hind leg had the highest occurrence (20%; 6/30).
When considering the combined results of three carcass sites,
namely inside hind leg, inside foreleg and brisket, these three sites
would suffice to detect most of the carcasses contaminated with L. spp.
(85.7%) (Table 1).
In total 69 L. monocytogenes isolates were collected, from which
serotype 1/2c was most frequently found. That concerned 58.0% of all
isolates, with 37 isolates originating from 20 carcasses in slaughter-
house A and 3 isolates from 3 carcasses in slaughterhouse B. Other
serotypes were 4b (23.2%), 1/2a (10.1%), 1/2b (5.8%) and 4a (1.4%).
Fourteen PFGE clusters were determined within the 69 L. mono-
cytogenes isolates (Fig. 2C). One major cluster, pulsotype A, accounted
for 58.0% (40/69) of the strains. This cluster was predominantly
present in slaughterhouse A at all carcass sites over the different sam-
pling days. By mapping with the MLST data, pulsotype A matched CC9.
Pulsotype C contained 10 isolates of which 7 were found in slaughter-
house B and 3 in slaughterhouse C. This was the second largest cluster
found on beef carcasses and could be assigned to the CC1. The other 12
pulsotypes were either unique or consisted of no more than two iso-
lates.
3.1.2. Pig
In contrast to beef, only 21.7% [(13/60); 95% CI: 11.2–32.1%] of
the carcasses tested positive for L. monocytogenes for at least one of the 9
sampled sites, more specifically 45.0% (9/20), 20.0% (4/20) and 0.0%
for the slaughterhouses D, E and F, respectively. Listeria monocytogenes
was detected most often at the distal part foreleg (11.7%) and the inside
throat region (10.0%). On the shoulder region, the inside hind leg and
the split surface of the pelvis no L. monocytogenes was detected (0.0%)
(Fig. 3A).
Slaughterhouse D had the highest L. monocytogenes prevalence with
18 isolates from 9 carcasses. Here, the pathogen was most frequently
recovered from the inside throat region (6/20) followed by the distal
part foreleg (4/20), the brisket (4/20) and the flank (2/20) (Fig. 3B). At
pelvic duct and elbow, one out of 20 carcasses was found to be positive
(5.0%). In this slaughterhouse, three samples had numbers exceeding
the lower limit of enumeration for L. monocytogenes (>−0.70 log CFU/
cm2). One carcass had counts at the elbow (20 CFU/100 cm2) and the
throat region (164 CFU/100 cm2). Another carcass had counts at the
throat region (20 CFU/100 cm2). The four L. monocytogenes-positive
carcasses slaughtered in slaughterhouse E originated from four farms.
Three L. monocytogenes isolates were found at the distal part foreleg
while the other was found at the elbow. No L. monocytogenes was found
on carcasses slaughtered in slaughterhouse F.
A combination of only three of the nine sampling sites, specifically
the combination of the distal part of the front leg, the throat region and
the brisket, gave the highest number of detected L. monocytogenes po-
sitive carcasses (92.3%) (Table 1).
Two serotypes were identified among the 22 L. monocytogenes iso-
lates. Almost all of the isolates (in total 21 isolates from 12 pigs) were
attributed to serotype 1/2a (95.5%). The other serotype, 1/2b, was only
found once (4.5%).
PFGE analysis of the 22 isolates resulted in only three pulsotypes,
named B, D and H (Fig. 3C). PFGE profile B was the most prevalent
pulsotype on pig carcasses and included 81.8% (18/22) of the isolates.
This pulsotype was exclusively found in slaughterhouse D during the
two sampling visits. Three strains originated from two carcasses from
different farms on the first sampling day and 15 originated from seven
carcasses from the same farm on the second sampling day. Linking the
MLST data from the database associated this predominant pulsotype
with MLST CC37. Pulsotype D (three isolates from three farms) and
pulsotype H (one isolate) were found in slaughterhouse E and corre-
sponded to the clonal complexes CC21 and CC224, respectively.
3.2. Indicator bacteria for L. monocytogenes presence
3.2.1. Beef
Distributions of TAC and Enterobacteriaceae counts for the eight
sampled carcass site per slaughterhouse are presented in supplementary
Fig. 1. Overall average Total Aerobic Counts ranged from 1.5 [95% CI:
1.3; 1.6] (shoulder) to 2.3 log CFU/cm2 [95% CI: 2.2; 2.4] (inside hind
leg) and overall median Enterobacteriaceae numbers varied between 0.0
(shoulder) and 0.6 log CFU/cm2 (brisket). Significant differences be-
tween the slaughterhouses could be seen. For instance, slaughterhouse
B generally had lower TAC (p < .05) and Enterobacteriaceae counts
(p < .001) for almost all sites.
The level of Total Aerobic Counts was positively associated with the
presence of L. monocytogenes (p= .007). More specifically, if the
number of TAC increased by 1 log then the odds of finding L.
Table 1
Percentage of L. monocytogenes (and Listeria spp.) positive carcasses detected
when only the combination of the three indicated sites were sampled and in
relation to the total number of Listeria or L. monocytogenes carcasses. This table
shows the first five combinations that gave the highest percentage of positive
carcasses.
Combination Site 1 Site 2 Site 3 L. spp. L. mono
Beef
1 Hind leg Brisket Foreleg 86% 61%
2 Hind leg Brisket Neck 86% 61%
3 Hind leg Flank Foreleg 84% 61%
4 Hind leg Flank Pelvic duct 81% 61%
5 Hind leg Brisket Throat 86% 59%
Pig
1 Distal part foreleg Throat Brisket 76% 92%
2 Distal part foreleg Throat Flank 82% 85%
3 Distal part foreleg Throat Foreleg 76% 85%
4 Distal part foreleg Throat Hind leg 79% 77%
5 Distal part foreleg Foreleg Brisket 76% 77%
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monocytogenes increased by 78.0% [95% CI: 20.5%; 167.9%]. For
Enterobacteriaceae, no association was found with the presence of L.
monocytogenes (p > .05).
Listeria spp. other than L. monocytogenes were detected on 66.7%
(60/90) of the carcasses and 150 positive sites. The highest occurrence
of Listeria (other than L. monocytogenes) species was found at the hind
leg (40.0%) and the brisket (26.6%).
In total, 12.7% (19/150) of the Listeria spp. samples also contained
L. monocytogenes. The relation between L. monocytogenes presence and
Listeria spp. (other than L. monocytogenes) presence in beef carcasses
was not significant (p > .05) (Fig. 4). Listeria spp. could not be en-
umerated due to overgrowth on the plates by background bacterial
populations.
3.2.2. Pig
The distribution of TAC and Enterobacteriaceae counts on pig car-
casses per carcass site and slaughterhouse are presented in supple-
mentary Fig. 2. Among the sites, the distal part foreleg was the highest
contaminated site on pig carcasses, with an average TAC of 3.5 log
CFU/cm2 [95% CI: 3.4; 3.6] and for Enterobacteriaceae a median of 1.9
log CFU/cm2. Mean TAC values at other sites were about 1 log CFU/
cm2 lower, ranging from 2.4 log CFU/cm2 [95% CI: 2.2; 2.5] at the split
surface of the pelvis to 2.6 log CFU/cm2 [95% CI: 2.4; 2.7] at the inside
throat region. For all slaughterhouses, the mean TAC at the distal part
foreleg were significantly higher than the other eight sampled sites
(p < .001). No significant relation was found between the L. mono-
cytogenes presence and the number of TAC (p > .05) or
Enterobacteriaceae (p > .05).
A total of 61 Listeria spp.-positive (other than L. monocytogenes)
samples were detected, which resulted in 50.0% positive carcasses.
Particularly the distal part foreleg was most contaminated with Listeria
spp. (14/61, 23.0%). None of the positive Listeria spp. samples were
determined to be also positive for L. monocytogenes. No significant as-
sociation was found between L. monocytogenes occurrence and Listeria
spp. (other than L. monocytogenes) occurrence on pig carcasses
(p > .05). As with beef carcass samples, Listeria spp. could not be en-
umerated due to overgrowth of the plates by background bacterial
populations.
4. Discussion
To the best of our knowledge, this is the first study to provide in-
formation regarding the specific location of L. monocytogenes on car-
casses at the end of the slaughter process by sampling eight (beef) and
nine (pig) sites on the carcass. L. monocytogenes was isolated from 46%
of the investigated beef carcasses, which is higher than previous carcass
prevalence estimations reported in industrialized slaughterhouses
around the world, which range from 0% to 26% (Barros et al., 2007;
Guerini et al., 2007; Khen, Lynch, Carroll, Mcdowell, & Duffy, 2015;
Madden, Espie, Moran, Mcbride, & Scates, 2001). The reported pre-
valence estimations on pig carcasses ranged between 12% to 33%
(Autio et al., 2000; Choi et al., 2013; Meloni et al., 2013). The present
results confirm this with L. monocytogenes found on 20% of the pig
carcasses. The high number of sampled sites per carcass may explain
the high L. monocytogenes prevalence found. In most studies mentioned
above, the number of sampling sites is limited to no more than four sites
and samples from different sites were often pooled before analysis.
Biasino, De Zutter, Mattheus, et al. (2018) showed great variety in TAC
and Enterobacteriaceae levels at nine pig carcass sites and demonstrated
the added value of separately investigating multiple sites on pig car-
casses. Similarly, large variations in microbial contamination of dif-
ferent carcass sites of both animal species were found for indicator
organisms in the present study. In addition to the high number of
sampling sites, the stage at which carcasses were sampled may have
played a role in the high detection of L. monocytogenes as well. Barron,
Bergin, and Butler (2008) indicated a reduced chance of finding Sal-
monella-positive pig carcasses after chilling. In order to picture the
‘natural’ carcass spread at the end of the slaughter process, sampling
was deliberately performed on non-chilled carcasses to maintain the
probability of finding Listeria-positive carcasses.
Differences in contaminated sites between beef and pig carcasses
were observed, possibly due to the contamination rate of incoming
animals and structural differences between both slaughter processes.
For beef carcasses, the overall differences in L. monocytogenes con-
tamination at the various carcass sites were less distinct. All carcass
sites were roughly equally contaminated and no significant difference
was found. However, differences between slaughterhouses were
Fig. 3. Genetic diversity of 22 pig L. monocytogenes isolates based on serotype, PFGE profiles and the associated CCs. A. Number of L. monocytogenes isolates given per
carcass site. Dot sizes are proportional to the number of L. monocytogenes isolates. B. Number of L. monocytogenes isolates given slaughterhouse and carcass site. Dots
are colored according to the PFGE cluster and dot sizes are proportional to the number of isolates within the cluster. C. Number of L. monocytogenes isolates given per
serotype, PFGE cluster and assigned clonal complex.
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observed. Slaughterhouse A had the most positive carcasses (73.3%;
22/30) with all carcass sites being considerably contaminated by L.
monocytogenes and clearly influencing the overall carcass results. In the
other slaughterhouses, L. monocytogenes was detected less, resulting in
fewer positive carcasses, respectively 43.3% (13/30) and 23.3% (7/30)
for slaughterhouses B and C. Sites associated with manual skinning
during hide removal (hind leg, flank and brisket) were generally more
contaminated with L. monocytogenes in these slaughterhouses. In
slaughterhouse B the brisket and flank were more often contaminated;
slaughterhouse C, mainly the inside hind leg. The brisket and hock have
already been identified as sites with higher TACs in association with
dirty animals and dehiding practices (McEvoy et al., 2000). L. mono-
cytogenes has previously been isolated from bovine hides and may be
harbored in the gastro-intestinal tract (Khen et al., 2015; Nightingale
et al., 2004; Wieczorek et al., 2012). Differences in carcass con-
tamination may be attributed to operator skill during hide removal
(Bell, 1997).
Moreover, isolates found in slaughterhouse B and C have a large
genetic heterogeneity, indicating multiple sources and presumably
sporadic contamination from the animals. Research has shown that
ruminants are exposed to a wide variety of L. monocytogenes strains at
farm level (Castro, Jaakkonen, Hakkinen, Korkeala, & Lindström, 2018;
Dreyer et al., 2016). Several pulsotypes in slaughterhouse B and C
corresponded to CC1, a host-associated clone present in cattle farm
environments with a low adaptation to food production environments
(Esteban, Oporto, Aduriz, Juste, & Hurtado, 2009; Maury et al., 2019).
Additionally, Khen et al. (2015) highlighted the importance of the hide
as contamination source during beef slaughter and confirmed the
transfer of L. monocytogenes by the same pulsotypes found on both hide
and carcass.
In slaughterhouse A, a dominant CC9 (serotype 1/2c, pulsotype A)
was found on 20 of the 22 positive carcasses over a two-month period
(three sampling days), suggesting the persistence of this clonal complex
with re-contamination of carcasses in this slaughterhouse. A study by
Peccio, Autio, Korkeala, Rosmini, and Trevisani (2003) indicated en-
vironmental persistence of L. monocytogenes in an Italian cattle
slaughterhouse. CC9 is known to be food-related, more specifically with
meat products and has previously been shown to be present in meat
processing companies for several years (Maury et al., 2016, 2019;
Stoller, Stevens, Stephan, & Guldimann, 2019). Félix et al. (2018) re-
ported that CC9 strains tend to settle easily in pig slaughterhouse en-
vironments.
As for pig carcasses, a considerable variation in the occurrence of L.
monocytogenes could be seen amongst slaughterhouses, with
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Fig. 4. Dot plots showing number of positive Listeria spp. and L. monocytogenes samples in each slaughterhouse per carcass site.
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slaughterhouse D being noticeably more contaminated. This slaugh-
terhouse accounted for most L. monocytogenes positive carcasses
(69.2%; 9/13). Here, the most contaminated sites were the ventral and
anterior carcass sites, in particular the inside throat, the distal part
foreleg and brisket. Borch, Nesbakken, and Christensen (1996) con-
cluded that major contamination points during pig slaughter were fecal,
pharyngeal and environmental. Initial introduction of many L. mono-
cytogenes strains into slaughter facilities is caused by incoming pigs
contaminated either at the farm, during transport or during lairage (the
waiting period prior to slaughter) (Autio et al., 2000; Meloni et al.,
2013). L. monocytogenes has occasionally been recovered from feces and
skin samples of healthy carriers with intestinal colonization (Skovgaard
& Norrung, 1989). Hellström et al. (2010) found similar strains in rectal
swabs collected on farms and later from pigs at the slaughterhouse,
confirming the introduction of L. monocytogenes via incoming pigs and
suggesting the presence on animal surfaces. During singeing, sites such
as the inside throat region and distal part foreleg are less accessible and
therefore more difficult to decontaminate. Singeing of carcasses has a
significant effect in reducing the bacterial contamination present on
incoming pigs but does not ensure bacteria-free carcass surfaces,
especially in hard-to-reach sites (Borch et al., 1996). This might also
explain the sporadic presence of L. monocytogenes at the distal part
foreleg and elbow in slaughterhouse E resulting in the four positive
carcasses (20.0%; 4/20). Besides insufficient decontamination of in-
coming carrier pigs in the dirty zone, carcasses may become con-
taminated during later slaughter steps as well. It has been shown that
anterior carcass sites are highly bacterially contaminated after evis-
ceration (Biasino et al., 2018). Incision of tonsils, together with pluck
set removal, is considered a crucial step regarding pig contamination
(Autio et al., 2000). L. monocytogenes is commonly found in tonsils,
more frequently than on carcasses (Hellström et al., 2010). In slaugh-
terhouse F, tonsils were not yet removed when carcasses were sampled,
which could explain why no L. monocytogenes was found in this
slaughterhouse.
Furthermore, one identical pulsotype linked to CC37 was recovered
from all L. monocytogenes positive carcass sites in slaughterhouse D
during 2 sampling visits. In a study of Félix et al. (2018), CC37 was the
most prevalent clonal complex in pig farming compartments, indicating
this complex is better adapted to pig farms in comparison to the food
processing environments. These findings suggest a common source of
contamination, most likely from the incoming pigs. In slaughterhouse
E, strains corresponded to CC224 and CC21, which are both associated
with the pig farming compartment and suggesting a sporadic con-
tamination originating from the incoming pigs (Félix et al., 2018).
It should be mentioned that notwithstanding the high prevalence of
this pathogen on both carcass types, numbers of the pathogen (when
present) were very low. Few samples exceeded the lower enumeration
limit, with a maximum of 80 CFU/400 cm2 on beef carcasses and
160 CFU/100 cm2 on pig carcasses. Enumerations of TAC and
Enterobacteriaceae at the different carcass sites provide useful informa-
tion regarding the hygienic status and fecal or environmental con-
tamination of beef and pig carcasses (Bell, 1997; Zweifel, Fischer, &
Stephan, 2008). However, results in this study show that usage of TAC
or Enterobacteriaceae as a predictor for the presence of L. monocytogenes
is questionable. Only for beef carcasses was a significant positive as-
sociation found between TAC numbers and presence of L. mono-
cytogenes. Characteristics of this pathogen are quite different from en-
teric microorganisms, making Enterobacteriaceae less suitable as marker
organisms (Tortorello, 2003). The widespread environmental presence
of L. monocytogenes makes it difficult to predict its presence. Listeria
spp., including non-pathogenic species, have the same characteristics
and consequently are considered to be good indicators for L. mono-
cytogenes (Tortorello, 2003). Still, in this study the detection of other
Listeria spp. turned out to be an unreliable predictor for the presence of
L. monocytogenes in both beef and pig carcasses. Alali and Schaffner
(2013) confirmed these findings in seafood processing plants. Most
probably because Listeria is ubiquitous, the presence of non-pathogenic
species does not necessarily mean the presence of L. monocytogenes.
These results suggest that using indicator organisms as marker organ-
isms for L. monocytogenes presence is questionable.
5. Conclusion
At the end of the slaughter process immediately prior to chilling, L.
monocytogenes was frequently found on both beef (47%) and pig (20%)
carcasses. Microbial contamination of carcasses differs largely between
beef and pigs but also between the relevant slaughterhouses. The more
contaminated sites on beef carcasses contain some genetic L. mono-
cytogenes strains of animal origin, suspected of being transferred to the
carcass at the beginning of the slaughtering process during manual
skinning. On pig carcasses, ventral and anterior sites were more con-
taminated, possibly linked to inadequate decontamination of animal
surfaces in the dirty zone of the slaughterhouse or potential post-con-
tamination during evisceration.
These findings suggest the introduction of L. monocytogenes in both
beef and pig slaughterhouses by incoming animals with contamination
at specific carcass sites depending on the slaughter process. However, in
slaughterhouse A, a dominant CC9 strain persisted on the slaughter
line, contaminating all carcass sites and accounted for more than 50%
of the isolates in beef slaughterhouses. More profound research, in-
cluding sampling of tracked animals (e.g. hide), carcasses and equip-
ment across the slaughter line, is needed to clarify possible con-
tamination sources and routes in the concerned slaughterhouses.
Additionally, it appears difficult to predict the presence of L.
monocytogenes using TAC, Enterobacteriaceae and even other Listeria spp.
The use of indicator organisms for L. monocytogenes should be ques-
tioned in this context.
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